Introduction 75
Malaria remains a major health concern in Madagascar with an increase of case number in 2017 76 [1] . Malaria epidemiology in this country is highly heterogenous and varies according to the 77 climatic and ecological environment that allows a stratification in bioclimatic zones and 78 ecozones [2, 3] . All four human malaria species are circulating with Plasmodium falciparum 79 being the most prevalent. Across the ecozones average P. falciparum prevalence varies from 2 80 to 12 % [3] but can reach 30% in some areas [4] . Among the 26 Anopheles species described 81 in the country, 6 have been reported as malaria vectors with different role according to their 82 geographic localization and behavior [5] . Three species belong to the Anopheles gambiae 83 complex: Anopheles gambiae sensu stricto, Anopheles arabiensis and Anopheles merus, the 84 latter having a minor role in malaria transmission, restricted to the most southern region of 85
Madagascar [6] . Of the two other members of the An. gambiae complex, An. arabiensis is 86 largely prevalent in most Madagascar, and plays a major role in malaria transmission along 87 with Anopheles funestus [7] . Anopheles mascarensis, endemic to Madagascar, and Anopheles 88 coustani act as local or minor vectors [8] [9] [10] . 89
Recent analyses surveying the evolution of malaria incidence and prevalence over 2010-2016 90 confirm the heavy malaria burden for the population leaving in the western part of Madagascar 91 [3, 4, 11] . A particular focus has recently been brought to the Tsiroanomandidy district which 92 constitutes a bridge area between the low transmission Central Highlands and the high endemic 93 western region where both P. falciparum and P. vivax circulate. In this area, both malaria 94 prevalence and Anopheles species distribution have been documented [7, 12, 13] . Such 95 information is critical for adapting the best relevant strategies for interrupting malaria 96 transmission toward malaria elimination which has been set up on the agenda of the 2018-2022 97 Malagasy Malaria Strategic Plan as geographically progressive elimination. Contributing to this 98 goal, here we report a study conducted in the Maevatanana district which is located in the 99 northwestern ecozone of Madagascar that faces high malaria burden due to both P. falciparum 100 and P. vivax. To our knowledge, no combined parasitological and entomological survey has 101 ever been reported in that region. The study was specifically conducted in Andriba, a rural commune located at the transition between the western fringe of the Central Highlands (low 103 malaria prevalence) and the north western ecozone (moderate to high prevalence) according to 104
Howes et al. [3] . Survey of malaria prevalence in the population of two villages 1.5 km apart 105 revealed a high level of submicroscopic carriage of Plasmodium, similar to the one reported in 106 the Tsiroanomandidy district [13] . Importantly, this study showed that in these close by villages 107
Plasmodium transmission was due to two different mosquito species, An. arabiensis and An. 108 coustani. The role of An. coustani as the main malaria vector in one village was quite surprising 109 as this mosquito species is being known as a zoophilic and exophilic species in most places of 110
Madagascar where it has been found. Our data revealed a high proportion of indoor biting and 111 anthropophilic An. coustani mosquitoes. These results highlight the needs to better investigate 112 the role of each malaria vector in every malaria transmission hotspot with appropriate tools for 113 developing adapted vector control measure towards malaria elimination. 114
115

Methods
116
Study Design and Setting 117
The study was conducted in two villages of the rural commune of Andriba (Maevatanana 118 district, Madagascar) which is located in the tropical northwest region of Madagascar. Andriba 119 is characterized by a dry season that generally lasts from April to October and a rainy season 120 from November to April; the average annual temperature is 24°C and the average annual rainfall 121 is 1828 mm [14] . The two villages, Ambohitromby (17°34'23.7"S, 46°55'21.4"E) and 122 Miarinarivo (17°33'56.7"S, 46°55'10.8"E) are located 1.5 kilometers apart and 6 kilometers 123 from Andriba town hall (Fig 1) . 124 Plasmodium parasites were not detected after examination of 100 high power microscopic 152 fields. Slides were read for asexual parasites and gametocytes, enumerated against 500 153 leucocytes and expressed as density/µL assuming an average leucocyte count of 8,000/µL of 154 blood (data not shown). Individuals with a positive RDT were treated with Artemisinin-based 155 combination therapy (ACT), according to national guidelines. 156
Submicroscopic detection of Plasmodium parasites by PCR using Dried Blood Spots 157
Plasmodium carriage prevalence was also assessed by PCR which is more sensitive than both 158 RDT and microscopy for parasite detection [15] . 
Mosquito collection 170
Anthropophilic female mosquitoes were collected by HLCs and indoor Pyrethrum spray catches 171 (PSCs), following WHO protocols [17] . At each survey time point during the malaria season, adult volunteers performed HLCs from 18h:00 to 06h:00 in 2 houses per night, on 3 consecutive 173 nights. One volunteer was sitting inside and another outside and they changed places every 174 hour. Two volunteers worked between 18h:00 to 24h:00, and were replaced by 2 others who 175 worked from 24h:00 to 06h:00. Therefore, for each house, the 4 volunteers conducting HLCs 176 represented 2 human-nights (HNs); in total we collected HLCs data from 12 HNs at each time 177 point, in each village. The whole study corresponds to 72 HNs. PSCs were conducted in 5 178 houses/day/village, choosing houses that were not used for HLCs and in which no insecticide 179 or repellent has been used during the previous week. PSCs were done on 3 consecutive days, following the initial work of Scott et al [21] . Primers and sequences used are listed in S1 Table. PCR reactions (20µL) contained 5µl of genomic DNA (see extraction procedure below), 4µL 198 of 5x HOT FIREPol® Probe qPCR Mix Plus /no ROX (Solis Biodyne), 300nM of each primer 199 and 200nM of each probe. Reactions were run on a StepOnePlus (Applied Biosystems) using 200 the following temperatures: an initial step at 95°C for 10min, followed by 40 cycles of 201 denaturation at 95°C for 20sec and annealing at 60°C for 1min. 202 203 Plasmodium detection in Anopheles mosquitoes 204
DNA extraction and Quality control 205
Genomic DNA from Anopheles head-thorax was extracted using the DNAzol® Reagent 206 (ThermoFisher Scientific). Briefly, the head-thorax from each mosquito was put individually 207 in a tube; care was taken to rinse the dissecting equipment in ethanol 70% between each 208 mosquito. A volume of 150µL of DNazol was added and mosquito tissues were crushed using 209 individual conical plastic pestle. DNA was then extracted following the manufacturer's 210 protocol. After precipitation, the DNA pellet was suspended in a final volume of 50µL of 211 nuclease-free water. DNA quality was controlled using a SYBR Green real-time PCR assay 212 targeting the ribosomal S7 protein encoding gene. This gene is highly conserved among species 213 belonging to the same genus. Primers previously designed against the An. gambiae gene [22] 214 were aligned against all available Anopheles S7 sequences to ensure that those primers will 215 efficiently amplified the S7 gene fragment from any Anopheles captured in the field. 216
Amplification conditions were validated on a subset of laboratory and field mosquito samples 217
including Anopheles, Cellia and Nyssorhynchus subgenera (not shown). Amplification using 218 the PowerSYBER® Green Master mix (Applied biosystems) was performed as follows: an 219 initial step at 95°C for 15min, followed by 40 cycles of denaturation at 95°C/45 sec, annealing 220 at 55°C/30sec and elongation at 60°C/45sec. Specificity of the amplification was assessed by 221 viewing the melting curves.
Plasmodium detection 223
The detection of human Plasmodium gDNA in mosquitoes was performed in 2 steps. The first 224 step used a TaqMan PCR assay targeting a region of the 18S rRNA gene conserved among the 225 human infecting Plasmodium species. For this assay, we used primers and probe previously 226 The same individuals were involved during the transversal parasitological study including the three methods of malaria diagnostic. In Ambohitromby, 268 a total of 173, 79 and 99 samples were analyzed for T1, T2 and T3 respectively. In Miarinarivo, a total of 122, 65 and 52 samples were analyzed for 269 T1, T2 and T3, respectively, except at T3 were only 49 smears were read as 3 slides were unreadable. 270
Among the 70 positive samples assessed by real-time PCR, 84.3% were due to P. falciparum, 271 5.7% to P. vivax, 1.4% to P. malariae and 8.6% to mixed infections always involving P. 272 falciparum ( Looking at the hourly aggressiveness of the four potential malaria vectors across time-points 307 and the two villages, the 4 mosquito species globally bite all night long (Fig 4) . There are 308 however variations in the biting pattern across the night. In Miarinarivo, the An. coustani 309 population collected at T1 and T3 tend to bite early at night compared to the population 310 collected at T2 and the one collected at T3 in Ambohitromby. Of note is the bi-modal hourly 311 biting rate observed at T2 in Miarinarivo for both An. arabiensis and An. coustani and for which 312 no rational explanation can be proposed beside a human bias during the HLCs or occurrence of 313 strong winds. 314 corresponding to mosquitoes captured by HLCs only. However, the SYBR Green assay for P. 361 falciparum/P. vivax species detection was conclusive only for 13 out 28 mosquitoes carrying 362 either P. falciparum or P. vivax parasite ( Table 5 ). The 15 remaining TaqMan Plasmodium-363 positive mosquitoes were either infected by P. malariae that is circulating in the villages, or the 364 chosen TaqMan Plasmodium assay cut-off was not stringent enough. Additionally, it cannot be 365 excluded that non-human malaria parasites, such as Lemur malaria parasites were detected in 366 those mosquitoes as the TaqMan primer-probe combination used was conserved among 367 Plasmodium sp. 18S gene. Overall, 9 mosquitoes were positive for P. falciparum and 4 for P. 368 vivax, and belong to 3 anopheline species: An. funestus An. arabiensis and An. coustani, with 369 the latter species being the more frequently infected one ( Table 5 ). The sporozoite index (SI) 370 varies from 0 to 1.4% according to the Anopheles species, giving an overall SI of 0.84% when 371 taking into account all Anopheles species tested, including mosquitoes captured by HLCs and 372
PSCs. Of note, An. rufipes, an anopheline species which is not known being a malaria vector in 373
Madagascar, was found positive by the TaqMan Plasmodium assay (2/40). As there is increased 374 reports on its role in malaria transmission in other countries [31-33], it might be worth to 375 include this species for Plasmodium sporozoite carriage in future surveillance programs. 376 When looking at the Entomological Inoculation Rate (EIR) a proxy for malaria transmission, it 380 appears that An. arabiensis and An. coustani are the vector species that contribute most to 381 malaria transmission, but with striking differences between the two villages and over time 382 (Table 6 ). Indeed, in Ambohitromby An. arabiensis was the main vector at the beginning of 383 transmission season (T1) with an EIR of 0.18 ib/m/n, followed by An. coustani at T2 (0.14 384 ib/m/n) whereas in Miarinarivo An. coustani was the main vector at both T2 and T3 (EIR of 385 0.26 ib/m/n each) with no role of An. arabiensis in that village. Plotting the relative abundance 386 of An. arabiensis and An. coustani, and their respective EIR over time clearly shows that despite 387 similar abundance in Ambohitromby and Miarinarivo at T3, An. coustani acted as a malaria 388 vector only in Miarinarivo (Fig. 5) . Conversely, in that village despite similar abundance at T1 389 and T3, An. coustani contributed to malaria transmission at T3 only. This might be a 390 consequence of a specificity of the An. coustani population as hypothesized from the observed 391 higher endophagic behavior of this mosquito species in Miarinarivo compared to 392
Ambohitromby (see Table 4 ). 393 In conclusion, our data show that in close by villages with similar malaria prevalence in the 396 human population malaria transmission involved two different mosquito species and notably 397 involved An. coustani as the major vector in Miarinarivo. Detailed analysis of the EIR over 398
time (Table 6) shows that malaria transmission occurred at the beginning and middle malaria 399 transmission in Ambohitromby due to An. arabiensis, while occurring at the mid-course and 400 vanishing of the malaria transmission season in Miarinarivo, due to An. coustani. Overall, the 401 population in Ambohitromby are expected to receive 24 infected bites per person over the 402 malaria season (December -April) and 34.5 infected bites per person in Miarinarivo. 
